Birt-Hogg-Dubé syndrome, a hamartoma disorder characterized by benign tumors of the hair follicle, lung cysts, and renal neoplasia, is caused by germ-line mutations in the BHD(FLCN) gene, which encodes a tumor-suppressor protein, folliculin (FLCN), with unknown function. The tumor-suppressor proteins encoded by genes responsible for several other hamartoma syndromes, LKB1, TSC1͞2, and PTEN, have been shown to be involved in the mammalian target of rapamycin (mTOR) signaling pathway. Here, we report the identification of the FLCN-interacting protein, FNIP1, and demonstrate its interaction with 5 AMP-activated protein kinase (AMPK), a key molecule for energy sensing that negatively regulates mTOR activity. FNIP1 was phosphorylated by AMPK, and its phosphorylation was reduced by AMPK inhibitors, which resulted in reduced FNIP1 expression. AMPK inhibitors also reduced FLCN phosphorylation. Moreover, FLCN phosphorylation was diminished by rapamycin and amino acid starvation and facilitated by FNIP1 overexpression, suggesting that FLCN may be regulated by mTOR and AMPK signaling. Our data suggest that FLCN, mutated in Birt-Hogg-Dubé syndrome, and its interacting partner FNIP1 may be involved in energy and͞or nutrient sensing through the AMPK and mTOR signaling pathways.
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hamartoma syndrome ͉ renal cancer ͉ Birt-Hogg-Dubé ͉ tumor suppressor B irt-Hogg-Dubé (BHD) syndrome predisposes patients to develop hair follicle hamartomas, lung cysts, and an increased risk for renal neoplasia (1) (2) (3) . BHD patients develop bilateral, multifocal renal tumors with a variety of histologies (4) . We mapped the BHD locus to chromosome 17p11.2 by linkage analysis in BHD kindreds (5, 6) and identified germ-line mutations in a gene with unknown function that is highly conserved (7, 8) . Twenty-two unique mutations predicted to truncate the BHD protein folliculin (FLCN), including a ''hot spot'' insertion͞deletion in a C 8 tract, were identified in 84% of BHD kindreds (9) . Somatic ''second-hit'' mutations identified in BHD-associated renal tumors suggest a tumor-suppressor function for FLCN (10) , underscored by loss of BHD mRNA expression in renal tumors from BHD patients (11) .
Recent studies suggest that several hamartoma syndromes may be linked through the convergent energy͞nutrient-sensing pathways involved in mammalian target of rapamycin (mTOR) regulation (12) (13) (14) (15) . These inherited syndromes are characterized by multiple hamartomas and an increased risk of cancer. Germ-line mutations have been identified in four causative genes: LKB1, responsible for Peutz-Jeghers syndrome (16) (17) (18) , TSC1 and TSC2, responsible for tuberous sclerosis complex (TSC) (19) , and PTEN, responsible for Cowden syndrome (20) . Loss of gene function leads to dysregulation of mTOR, which regulates cell growth and size through stimulation of protein synthesis (15, 21, 22) .
BHD syndrome, also a hamartoma disorder, displays phenotypic similarities to TSC that have led to speculation that BHD may function in the pathway(s) signaling through mTOR (12, 23) . To ascertain FLCN function, we searched for interacting proteins by coimmunoprecipitation. We identified a 130-kDa FLCNinteracting protein, FNIP1, and demonstrated its interaction with AMPK, a protein important in nutrient͞energy sensing (24, 25) . We found that FLCN is phosphorylated, which is facilitated by FNIP1, and suppressed by conditions that inhibit mTOR. We also found that AMPK-inhibitor treatment reduced FNIP1 phosphorylation, lowered FNIP1 expression levels, and resulted in FLCN dephosphorylation. We discuss FLCN-FNIP1-AMPK interactions and consider how dysregulation of this complex may predispose to the BHD phenotype.
Results

Identification of a 130-kDa FLCN-Interacting Protein, FNIP1, and
Cloning of Human FNIP1 cDNA. BHD encodes FLCN, a highly conserved protein with unknown function. To elucidate its biologic role, we searched for FLCN-interacting protein(s) in anti-HA immunoprecipitates from doxycycline-inducible, HA-FLCNexpressing HEK293 cells. Mass spectrometric analysis of a major 130-kDa interacting protein (Fig. 1A) , designated FNIP1 (FLCNinteracting protein 1), identified peptides from two overlapping proteins, BAB85547, encoded by KIAA1961 (AB075841), and AAH01956, encoded by an uncharacterized human EST (BC001956; see peptide mass fingerprinting in Data Set 1, which is published as supporting information on the PNAS web site). Primers designed from the overlapping cDNA sequences were used to amplify and clone the full-length FNIP1 transcript (DQ145719) from a pooled tissue cDNA library. Several alternative transcripts lacking one or two of the 18 coding exons were also identified and This article is a PNAS direct submission.
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are being verified (details in Supporting Methods, which is published as supporting information on the PNAS web site). The evolutionarily conserved 3,626-nt mRNA encoded a protein with an ORF of 1,166 aa. A comparison of FNIP1 homologs from Homo sapiens, Xenopus tropicalis, Danio rerio, Drosophila melanogaster, and Caenorhabditis elegans revealed five blocks of conserved sequence with at least 35% similarity ( Fig. 1C ; and see Fig. 8 , which is published as supporting information on the PNAS web site), but BLAST analysis revealed no known functional domains. Northern blot analysis showed that FNIP1 was expressed in a pattern similar to BHD, with strongest expression in heart, liver, and placenta and moderate expression in tissues involved in the BHD phenotype, kidney and lung (Fig. 1B) .
FLCN and FNIP1 Interact in Vivo Through the C Terminus of FLCN and
Colocalize in the Cytoplasm. To confirm the interaction between FNIP1 and FLCN, we performed reciprocal coimmunoprecipitations in HEK293 cells transiently expressing HA-FLCN and FLAG-FNIP1 and found that HA-FLCN coimmunoprecipitated with FLAG-FNIP1 in a reciprocal fashion ( Fig. 2A) . Similarly, endogenous FNIP1-FLCN interaction was confirmed in HEK293 cells, blotting with polyclonal antibodies to FLCN and FNIP1 (Fig.  2B) . HA-FNIP1 and FLAG-FLCN, transiently cotransfected into HeLa cells, colocalized in the cytoplasm with a reticular pattern (Fig. 2C) . FLCN also localized in the nucleus.
To identify the FNIP1-binding domain in FLCN, in vitro binding assays were performed with GST-FLCN mutants and 35 S in vitrotranslated FNIP1. FNIP1 bound to full-length GST-FLCN (1-579 aa) and mutant proteins containing the C terminus of FLCN (246-579 or 345-579 aa; Fig. 3A ) but not to mutant proteins lacking the C terminus (1-516 or 1-344 aa). These interactions were confirmed in immunoprecipitates from HA-FNIP1-expressing HEK293 cells transiently transfected with FLAG-FLCN and FLAG-FLCN mutants (Fig. 9 , which is published as supporting information on the PNAS web site). In support of these data, the mutant protein from the most C-terminal BHD mutation found in patients (c.2034CϾT; R527X) (9) did not bind to HA-FNIP1 (data not shown). Taken together, the results support a FNIP1-binding domain in the C terminus of FLCN. We next performed an in vitro binding assay to determine the portion of FNIP1 that was required to bind FLCN. Full-length FNIP1 protein was required for maximum binding of FLCN; only one of the deletion mutants containing residues 300-1166 (lacking conserved block 1, see Fig. 1C) bound FLCN (Fig. 3B) . Both GST-FNIP1 and the FNIP1 mutant protein that bound FLCN contained four of the five conserved blocks (blocks 2-5). Mutants containing either blocks 2 and 3 or blocks 4 and 5 did not bind FLCN. The data suggest that optimal FLCN-FNIP1 interaction requires these four conserved regions of the FNIP1 protein, perhaps for proper conformation. 
AMPK Was Identified as a FNIP1-Interacting Protein.
Because FNIP1 is a protein with no characteristic domains to suggest function, we searched for interacting proteins using the experimental approach described above. We identified the ␥-1 subunit (40 kDa) of AMPK as well as FLCN (67 kDa) and FNIP1 in the immunoprecipitates from doxy-inducible, HA-FNIP1-expressing HEK293 cells by mass spectrometry ( Fig. 4A ; peptide mass fingerprinting in Data Sets 2-4, which are published as supporting information on the PNAS web site). Additional bands included HSP90 (p90) and several unverified proteins. AMPK is known to play a critical role in energy sensing by negatively regulating biosynthetic pathways and activating catabolic reactions in response to stress signals (24) (25) (26) . This heterotrimeric protein kinase consists of a catalytic ␣-subunit and two regulatory subunits, ␤ and ␥. Anti-HA immunoprecipitates from doxy-inducible HA-FNIP1-expressing HEK293 cells were Western blotted with subunit-specific antibodies and found to contain both endogenous AMPK ␣-and ␥1 subunits (Fig. 4B) . We confirmed the interaction of endogenous FNIP1 and AMPK␤ in anti-FNIP1 immunoprecipitates by Western blotting (Fig. 4D) , confirming FNIP1 interaction with all subunits of AMPK. AMPK binding to FNIP1 was confirmed by an in vitro binding assay incubating HEK293 cell lysates (AMPK source) with recombinant GST-FNIP1 immobilized on glutathione-Sepharose, followed by Western analysis. Residues 602-929 were the minimum region of FNIP1 necessary for binding to AMPK, which was distinct from the FLCN-binding region. Direct binding of recombinant GST-FNIP1 to purified AMPK was also demonstrated in vitro ( Fig.10 A and B, which is published as supporting information on the PNAS web site). The catalytic ␣-subunit of AMPK is activated by phosphorylation on Thr-172 by AMPK kinases (27) . We observed that the amount of AMPK␣ present in its phosphorylated form (detected by a phospho-AMPK␣ Thr-172-specific antibody) relative to total AMPK␣ was greater in HA-FNIP1 immunoprecipitates than in total cell lysates (Fig. 4C Upper) . Using densitometry, we compared the total AMPK␣ and phospho-AMPK␣ in doxy-induced HA-FNIP1-expressing lysates with the amounts of these proteins in anti-HA immunoprecipitates from the lysates. We estimated that 5% of the total phospho-AMPK␣ but only 0.5% of the total AMPK␣ associated with FNIP1 in the immunoprecipitates (Fig. 4C  Lower) .
FLCN Binds to AMPK Through FNIP1 but Is Not Essential for FNIP1-AMPK Interaction. To determine whether a FLCN͞FNIP1͞AMPK complex exists, we cotransfected HEK293 cells with an HA-FLCN expression vector with or without a FLAG-FNIP1 vector. Anti-HA immunoprecipitates were evaluated by Western blotting. All three AMPK subunits were coimmunoprecipitated with HA-FLCN in a FLAG-FNIP1-dependent manner (Fig. 4E, lane 4) confirming that the AMPK heterotrimer binds to the FLCN-FNIP1 complex in a FNIP1-dependent manner but not to FLCN alone (Fig. 4E, lane 3) . We also evaluated the FNIP1-AMPK interaction in a FLCN-null renal tumor cell line, UOK257, and in UOK257-2 cells retrovirally restored with FLCN. In UOK257 cells, no FLCN was detected in total-cell lysates or anti-FNIP1 immunoprecipitates (Fig. 4F, lanes  1 and 3) . However, endogenous FNIP1 was able to bind to the AMPK␤ subunit in anti-FNIP1 immunoprecipitates (Fig. 4F, lane  3) , and AMPK-FNIP1 binding was not affected by restoration of FLCN expression (UOK257-2; Fig. 4F, lanes 4 and 6) . (26) (Fig. 5A) , supporting AMPK as the source of kinase activity.
We next asked whether FNIP1 might serve as a substrate for AMPK in the FNIP1-AMPK complex. When anti-HA immunoprecipitates from doxycycline-induced HA-FNIP1-expressing HEK293 cells were incubated with [␥-32 P]ATP and AMPK kinase buffer, we found that HA-FNIP1 was phosphorylated, and this phosphorylation was blocked by Compound C, a specific inhibitor of AMPK (29) , in a dose-dependent manner (Fig. 5B) , whereas other kinase inhibitors tested (i.e., UO126, Wortmannin, and rapamycin) were unable to block HA-FNIP1 phosphorylation. Furthermore, when we labeled doxy-induced HA-FNIP1-expressing HEK293 cells in vivo with [
32 P]orthophosphate for 3 h, addition of Compound C or AraA (another inhibitor of AMPK) (30) to the medium reduced the amount of [ 32 P]phosphate incorporated into HA-FNIP1 (Fig. 5C ), indicating that FNIP1 may serve as a substrate for AMPK both in vitro and in vivo.
We postulated that one function of FNIP1 phosphorylation by AMPK might be regulation of protein expression. We cultured both HA-FNIP1-overexpressing HEK293 cells and 293 cells in the presence of AMPK inhibitors for 24 h and found that levels of HA-FNIP1 and endogenous FNIP1 proteins were reduced (Fig. 5  D and E, respectively) . Levels of endogenous FLCN were also reduced by AMPK inhibition. 
FLCN Can Exist in a Phosphorylated Form That Is Preferentially Bound
to FNIP1. In searching for a functional significance for the FLCN-FNIP1-AMPK interaction, we noted the appearance of multiple FLCN bands on Western blots and designed experiments to test their association with or regulation by FNIP1. Electrophoretic mobility shifts observed after phosphatase or calyculin A (phosphatase inhibitor) treatment suggested that FLCN existed in several phosphorylated forms (Fig. 11 , which is published as supporting information on the PNAS web site). We also detected at least three electrophoretically distinct forms of endogenous FLCN in HEK293 cell lysates, which shifted to the slower migrating (phosphorylated) species in anti-FNIP1 immunoprecipitates (Fig. 4D) , suggesting that FNIP1 preferentially bound phosphorylated FLCN. In addition, doxy-induced HA-FNIP1 expression produced a band shift to phospho-FLCN in total HEK293 cell lysates (Fig. 4B, lane 2) , and the slower migrating phospho-FLCN preferentially immunoprecipitated with HA-FNIP1 from doxy-induced HEK293 cells (Fig.  4B, lane 4) .
FLCN Phosphorylation Is Diminished by Inhibition of mTOR and AMPK.
To elucidate the mechanism by which FLCN becomes phosphorylated, UOK257-2 FLCN-restored cells were grown under different culture conditions or with different kinase inhibitors. Serum withdrawal for 48 h partially decreased FLCN phosphorylation (Fig. 6A , lane 1), which was restored by serum stimulation (Fig. 6A, lane 2) . Pretreatment with UO126, an inhibitor of MEK1͞2, or Wortmannin, an inhibitor of PI3K, reduced FLCN phosphorylation to some extent (Fig. 6A, lanes3͞4 and 2) ; interestingly, rapamycin, which completely inhibited mTOR activity (no pS6R), most dramatically inhibited FLCN phosphorylation by eliminating the upper phospho-FLCN band completely (Fig. 6A, lanes 5 and 2) . However, rapamycin did not completely block FLCN phosphorylation, because one phospho-FLCN band was unaffected by rapamycin treatment (Fig. 6B, lane 2) . Treatment of UOK257-2 with Compound C resulted in complete loss of phospho-FLCN, including the rapamycin-insensitive phospho-FLCN band (Fig. 6B, lane3 ) and resulted in reduced FLCN expression. The same results were obtained with AMPK inhibitor AraA (Fig. 5 D and E) . In support of these data, we demonstrated phosphorylation of recombinant GST-FLCN by purified AMPK in an in vitro kinase reaction (Fig.  12 , which is published as supporting information on the PNAS web site). Taken together, these data indicate that FLCN has multiple phosphorylation sites that are phosphorylated through mTOR and AMPK signaling.
FLCN Phosphorylation, Which Is Facilitated by FNIP1 Expression, Is
Blocked by Inhibition of mTOR. As mentioned above, FNIP1 overexpression facilitates FLCN phosphorylation (Figs. 4B and 6C, lanes 1 and 2). Interestingly, rapamycin partially inhibited FLCN phosphorylation facilitated by FNIP1 overexpression in doxycycline-induced HA-FNIP1-expressing HEK293 cells (Fig. 6C, lanes  2 and 4) . Likewise, amino acid starvation, known to inhibit mTOR signaling (see pS6R readout), suppressed FLCN phosphorylation facilitated by FNIP1 overexpression (Fig. 6C, lanes 2 and 6) . Amino acid stimulation restored FNIP1 overexpression-stimulated FLCN phosphorylation to amino acid-starved cells (Fig. 6C, lanes 6 and 8) , and this effect was blocked by rapamycin pretreatment (Fig. 6C,  lanes 8 and 10) . These data suggest a role for mTOR signaling in modulating FLCN phosphorylation facilitated by FNIP1 overexpression, although it is not yet clear whether FLCN is a direct substrate of mTOR or a substrate of a downstream kinase that is activated by mTOR. Note that FNIP1 overexpression can still facilitate rapamycin-insensitive FLCN phosphorylation (lowest FLCN band shifts up, Fig. 6C, lanes 8 and 10) . 2-deoxyglucose treatment activated AMPK (increased phospho-ACC), which, in turn, down-regulated mTOR in a comparable fashion in FLCN-null cells and FLCN-restored cells (Fig. 7A) . mTOR signaling through PI3K and pAKT under serum-stimulated conditions and rapamycin inhibition of mTOR signaling, were unaffected by lack of FLCN expression ( Fig. 7B ), suggesting that FLCN may function downstream of the AMPK͞mTOR signaling readouts evaluated in these experiments. On the other hand, mTOR inhibition as a result of serum starvation was significant in FLCN-restored cells but retained some signaling in FLCN-null cells (Fig. 7B) . Amino acid deprivation appeared to have the opposite effect, shutting down mTOR signaling more effectively in FLCNnull cells (Fig. 7B. ) Therefore, FLCN-null cells seem to respond somewhat differently to certain physiologic conditions that induce cell stress and involve the mTOR signaling pathway.
Discussion
Here, we report the identification of the FLCN-interacting protein, FNIP1, a 130-kDa protein that is moderately conserved among species, suggesting that it serves an important function in living cells. FLCN was shown to interact with FNIP1 through its C terminus in vivo and in vitro. Interestingly, nearly all mutations in BHD patients are predicted to produce a C-terminally truncated FLCN unable to bind FNIP1, which may compromise FLCN function and lead to the BHD phenotype. We have identified AMPK as a FNIP1-interacting protein. Mutations in certain genes in the converging LKB1-AMPK-TSC1͞2-mTOR and PI3K-AKT-TSC1͞2-mTOR energy-and nutrient-sensing pathways lead to the development of several hamartoma syndromes. Cellular energy deficit triggers AMPK phosphorylation by LKB1 and calmodulin kinase kinase (31, 32) , which negatively regulates mTOR through TSC2 phosphorylation (29, 33, 34) , inhibiting protein translation and cell growth. PTEN blocks mTOR through inhibition of PI3K-activation of AKT, induced by growth factors that signal through membrane receptors (35) (36) (37) (38) . Inactivating mutations that disrupt these pathways result in dysregulated cell growth and protein synthesis, leading to a hamartoma ''overgrowth'' phenotype ( Fig. 13 , which is published as supporting information on the PNAS web site). Birt-Hogg-Dubé syndrome predisposes to hair follicle hamartomas and renal neoplasia. The interaction of FLCN with FNIP1 and AMPK suggests a possible role for FLCN and FNIP1 in the nutrient͞energy-sensing pathways involving AMPK and mTOR and may provide a molecular mechanism for the BHD phenotype. Our data showing that FLCN phosphorylation facilitated by FNIP1 is mTOR-and AMPK-activity-dependent and that FNIP1 and FLCN phosphorylation and their expression were suppressed by AMPK inhibition indicate a functional interaction between FLCN͞FNIP1 and mTOR͞AMPK signaling pathways. Our data suggest that FLCN has multiple phosphorylation sites, and FLCN phosphorylation through AMPK may be necessary for additional phosphorylation by mTOR signaling. Furthermore, because AMPK inhibition resulted in a decreased level of FNIP1 expression, and overexpression of FNIP1 facilitated both rapamycin-sensitive and -insensitive FLCN phosphorylation, FNIP1 may be necessary for FLCN phosphorylation through both mTOR and AMPK, perhaps serving as a scaffold regulator of FLCN.
The biological mechanism explaining how FLCN functions as a tumor suppressor is still unknown. AMPK activation by 2-deoxyglucose can suppress mTOR activity in FLCN- Based on these findings, we hypothesize that FNIP1 and FLCN might be downstream effectors of mTOR and AMPK and modulate energy͞nutrient-sensing signaling pathways by some as-yetunknown molecular mechanism. Further clarification of FLCN function as a tumor suppressor may contribute to a broader understanding of the molecular mechanisms responsible for other hamartoma syndromes caused by mTOR dysregulation.
Materials and Methods Cell Lines and Cell Culture.
A FLCN-null cell line, UOK257, was established from a clear-cell renal tumor with 17p loss (10) from a BHD patient with a c.1733insC germ-line mutation (7) . A FLCNrestored cell line, UOK257-2, was established by infection of UOK257 with a BHD-expressing lentiviral vector by using the ViraPower Lentiviral Expression System (Invitrogen, Carlsbad, CA). HEK293 cells expressing tetracycline-inducible HA-FLCN and FNIP1-HA were established by using the Flp-In T-Rex System (Invitrogen) according to the manufacturer's protocol.
Identification of FLCN-and FNIP-1-Interacting Proteins. HA-FLCNor FNIP1-HA-inducible HEK 293 cells were cultured with or without 1 g͞ml doxycycline for 36 h, lysed, immunoprecipitated with anti-HA affinity matrix, and eluted with HA peptide according to the manufacturer's protocol (Roche Applied Science, Indianapolis, IN). The eluted proteins were subjected to SDS͞PAGE, transferred to PVDF membranes (ProBlott PVDF; Applied Biosystems, Foster City, CA), stained with Colloidal Gold Total Protein stain (Bio-Rad, Hercules, CA), excised and prepared as described (39) , and analyzed by MALDI-TOF͞MS using an Applied Biosystems Voyager-DE͞STR (40) (details in Supporting Methods). Peptide mass fingerprinting and protein database searches confirmed protein identities (40) .
Molecular Cloning of Human FNIP1 cDNA. The full-length FNIP1 transcript of 3,626 nt (DQ145719) was amplified from a pooled tissue cDNA library (Clontech, Mountain View, CA) and sequenced to 6-fold coverage (details in Supporting Methods). K1AA1961 cDNA was obtained from Kazusa DNA Research Institute (Chiba, Japan).
Antibodies. Normal rabbit IgG, HRP-labeled anti-mouse and antirabbit secondary antibodies (Santa Cruz Biotechnology, Santa Cruz, CA); phospho-S6R, phospho-4EBP1(T37͞46), phospho-ACC, phospho-AKT(S473), phospho-p70 S6 kinase(T389), p70 S6 
